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Identification of immunogens capable of eliciting broadly neutralizing antibody (NAb) responses against
HIV-1 is a major goal toward the development of an AIDS vaccine. Despite significant progress in under-
standing the structural features of the HIV-1 envelope glycoprotein (Env) and the discovery of multiple broadly
neutralizing monoclonal antibodies with defined antigenic structures, the design of optimal Env immunogens
to elicit broad NAbs remains a major challenge. As the structural determinants of Env immunogenicity remain
unclear, we assessed two closely related Env antigens isolated from the same HIV-1-infected patient with
different phenotypic features to identify what may result in a favorable immunogenic profile. One Env, B33,
isolated from brain, was highly macrophage tropic with a high CD4 affinity, while the other, LN40, isolated
from the lymph nodes, was poorly macrophage tropic with a low CD4 affinity. Using a DNA prime-protein boost
approach, rabbits primed with LN40 Env antigen had a NAb response against heterologous primary isolates,
while B33 Env antigens were capable of eliciting NAbs against only homologous and sensitive viral isolates.
Further analysis revealed that the specificity of NAbs elicited by the LN40 antigen mapped to limited residues
within or flanking the CD4 binding site. Certain key structural determinants were identified that could
differentiate primary Env immunogens based on their potential to elicit broader NAbs. This progress will

facilitate the rational design of effective HIV-1 vaccine formulations with optimal Env antigens.

Protective antibodies are expected to play key roles in the
development of an effective prophylactic AIDS vaccine, but
overcoming the high degree of antigen diversity is a major
challenge in eliciting broadly neutralizing antibody (NAb) re-
sponses against HIV-1. A less-studied but theoretically attrac-
tive approach for AIDS vaccine development is the use of
polyvalent Env formulations (17). Given the high degree of
sequence variation among primary HIV-1 isolates, the prevail-
ing view for many years has been that it is difficult to produce
a polyvalent HIV vaccine that can elicit broad antibody re-
sponses to encompass circulating viral isolates with diverse
genetic backgrounds. It has been technically difficult to con-
sider producing a polyvalent HIV vaccine formulation using
randomly selected Env proteins, because a subunit-based vac-
cine, using recombinant HIV-1 Env proteins alone, was unable
to elicit meaningful NAbs against primary viral isolates (10,
22). In fact, two failed phase III efficacy trials using a recom-
binant subunit protein-based HIV vaccine approach included
only two Env antigens for each formulation, one of which was
from a T cell line-adapted (TCLA) virus.

However, our recent progress in both animal and human
immunogenicity studies has demonstrated that the DNA
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prime-protein boost immunization approach is more effective
than DNA or protein alone in eliciting improved antibody
responses with clearly positive NAD activities against primary
Env antigens, including resistant ones (26, 27, 30, 31, 33). More
significantly, polyvalent formulations with multiple primary
Env antigens were more effective in eliciting broader NAbs
than were monovalent primary Env antigens (27, 33). In a
phase I clinical study, the polyvalent DNA prime-protein boost
HIV vaccine, using five primary Env antigens, was able to elicit
broad NAbs against a wide range of primary Env antigens of
viruses isolated from subtypes A to E (32), indicating the
promising potential of polyvalent Env HIV vaccines.

In the above studies, primary Env antigens included in the
polyvalent formulations were randomly selected based on what
was available at the start of the study, while the investigators
tried to maintain a balanced representation of major HIV-1
subtypes. Since then, additional primary Env antigens have
become available with well-characterized phenotypic features
associated with the original viral isolates. It will be interesting
to determine whether any certain phenotypes of the original
viral isolates can preselect Env antigens with a greater ability to
elicit NAD responses, and also whether a polyvalent Env for-
mulation, with such rationally selected Env antigens, will
achieve even broader and more potent NAbs than the early
generation of polyvalent formulations with randomly selected
Env antigens.

In the current report, studies were conducted to determine
whether differences in immunogenic potential exist between
two previously reported primary Env antigens with closely re-
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lated gene sequences and completely different phenotypic fea-
tures. Clade B primary Env antigens LN40 and B33 (19) were
isolated from a single HIV-1-infected individual. These anti-
gens share over 90% amino acid identity; however, despite the
high degree of sequence homology, they display different phe-
notypic properties. The B33 Env is highly macrophage tropic,
maintains a high affinity for CD4, and is sensitive to neutral-
ization by monoclonal antibody (MADb) IgG1 b12 but resistant
to MADb 2G12 (7, 19-21), while the LN40 Env has the opposite
phenotype of B33, as it is poorly macrophage tropic, has only
a low affinity for CD4, and is resistant to the MAb IgG1 b12
but sensitive to MAb 2G12 (7, 19-21).

In this study, rabbits were immunized with one of these two
primary Env antigens via the DNA prime-protein boost ap-
proach. Rabbit immune sera were analyzed for the level and
specificity of binding antibodies and NAD activity. A difference
was observed in the heterologous NAb responses elicited by
these two primary Env antigens. Further characterization of
NADbs with mutated amino acids on the targeted viral Env
sequences led to the identification of key Env sites that are
responsible for sensitivity to NAbs elicited in different immune
sera.

MATERIALS AND METHODS

HIV-1 gp120 DNA vaccines. Gene segments coding for the gp120 region were
produced by PCR from the parental NA420 LN40 (LN40) or NA420 B33 (B33)
full-length env genes (19). LN40 and B33 gp120 genes were then subcloned
separately into the pJW4303 DNA vaccine vector for the DNA priming phase of
the immunization, as previously reported (30). DNA plasmid was produced in
the HB101 strain of Escherichia coli, then isolated and purified using the Qiagen
Plasmid megakit (catalog number 12183).

HIV-1 gp120 protein vaccines. Recombinant HIV-1 gp120 protein vaccines
were produced from Chinese hamster ovary (CHO) cells. The JR-FL gp120
protein produced by Progenics was provided by John Warren at the Division of
AIDS, NIAID, NIH. The other gp120 Env from subtypes A (UG21-9), B
(92U8715), C (MW959), and E (TH14.12) were all produced in our laboratories
at the University of Massachusetts Medical School (UMMS) and NIH. Secreted
proteins from stably transfected CHO cell lines were harvested and purified over
a lectin affinity column.

Rabbit immunizations. New Zealand White rabbits (6 to 8 weeks of age) were
purchased from Millbrook Farm (Ambherst, MA) and housed in the animal
facility managed by the Department of Animal Medicine at UMMS. Animal
studies were conducted according to a UMMS IACUC-approved study protocol.
Rabbits were immunized three times at weeks 0, 2, and 4 with either LN40 gp120
or B33 gp120 DNA vaccine via a Bio-Rad Helios gene gun to shaved abdominal
skin (36 pg each time). Rabbits were then boosted twice with a 5-valent gp120
recombinant protein formulation from subtypes A (UG21-9), B (JR-FL and
92US715), C (MW959), and E (TH14.12). Half of the animals were boosted at
weeks 8 and 12, and the remaining received a boost at weeks 38 and 42. Each
animal received 50 ug of total protein in incomplete Freund’s adjuvant (IFA)
intramuscularly for each boost. Sera were collected prior to the start of the whole
study and 2 weeks after each immunization.

Enzyme-linked immunosorbent assay (ELISA). JR-FL gp120 protein pro-
duced by Progenics Pharmaceuticals and provided by NIAID was applied onto
96-well microtiter plates (Costar 3369) at 1 ug/ml in 100 wl of phosphate-
buffered saline (PBS) for 1 h at room temperature. LN40 and B33 gp120 proteins
were produced by transient transfection in 293T cells. On day 3 posttransfection,
the supernatants were harvested and cleared of cell debris by low-speed centrif-
ugation. Supernatants containing LN40 or B33 gp120 (100 pl) were then directly
applied onto microtiter plates. Plates were washed five times in PBS containing
0.1% Triton-X (EWB) and blocked overnight at 4°C in PBS containing 4%
(weight/weight) whey (whey dilution buffer) and 5% powdered milk. The follow-
ing morning plates were washed five times in EWB, and serially diluted rabbit
serum that was collected 2 weeks after each immunization was added to the wells
in a volume of 100 pl. Plates were washed five times in EWB, and 100 pl of
biotinylated anti-rabbit secondary antibody (Vector Labs BA-1000) at 1.5 p.g/ml
was incubated on the plate for 1 h at room temperature. Plates were washed five
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times with EWB and incubated with 100 pl of a streptavidin-horseradish perox-
idase construct (Vector Labs SA-5004) at 500 ng/ml. Plates were washed five
times with EWB and developed for 3 min in 100 pl of a 3,3'5,5'-tetramethyl-
benzidine substrate solution (Sigma T3405). The reaction was stopped with 25 pl
of 2 N H,SO,.

Neutralization assays. HIV pseudovirus was first produced and titrated as
previously described (18). Briefly, equal molar quantities of a plasmid expressing
the HIV-1 gp160 of interest and the pSG3AEnv HIV backbone were cotrans-
fected into HEK 293T cells. At 48 h after transfection, supernatants were har-
vested and cleared of cell debris by low-speed centrifugation. Produced pseudo-
virus was titrated on TZM-bl cells by using a 2-fold increase above background
levels of luciferase activity as a positive cutoff.

Neutralization assays were performed as previously described (18). Briefly,
pseudovirus was generated through cotransfection of vector coding for a gp160
env gene and the pSG32°™ backbone (NIH AIDS Research and Reference
Reagent Program) in 293T cells. A total of 200 50% tissue culture infective doses
of pseudovirus were incubated with the rabbit sera for 1 h at 37°C. The virus-sera
mix was then added to 10° TZM-bl cells at a final concentration of 20 pg/ml to
DEAE-dextran. Plates were incubated at 37°C for 48 h and developed with
luciferase assay reagent according to the manufacturer’s instructions (Promega).
Neutralization was calculated as the percent change in luciferase activity (relative
luciferase units [RLUs]) in the presence of preimmune sera versus that of
luciferase activity in the presence of immune sera [(preimmune RLUs — immune
RLUs)/(preimmune RLUs)] X 100.

For peptide adsorption experiments, the same protocol was applied as de-
scribed above with one additional step. Prior to the exposure of sera to the
pseudovirus, the sera were incubated with 25 pg/ml of subtype B consensus V3
peptide (CTRPNNNTRKSIHIGPGRAFYTTGEIIGDIRQAHC) for 1 h at
37°C.

Mutagenesis. All site-directed mutagenesis was performed using the Strat-
agene QuikChange II kit according to the manufacturer’s instructions. Mutagen-
esis was verified by sequencing the gp120 gene region.

Competitive binding assays. Competitive binding assays were performed as
previously described (4, 5) with minor modifications. Pseudovirions bearing the
JR-FL Env and vesicular stomatitis virus (VSV) glycoprotein were produced with
the pSG32E™ backbone in 293T cells. Microtiter plates were coated with 50 ul
of MAD at 5 wg/ml for 1 h at room temperature. Plates were then blocked in PBS
with 3% bovine serum albumin overnight at 4°C. Rabbit serum was heat inacti-
vated at 56°C for 30 min, serially diluted, and incubated with pseudovirus cor-
relating to 2.5 ng of p24/well for 1 h prior to the addition to the virus-sera mixture
to the ELISA wells. The pseudovirus-sera mixture was then incubated in the
ELISA wells for 3 h at room temperature. Plates were washed 5 times with sterile
PBS and overlaid with 10,000 TZM-bl cells per well. Plates were then incubated
for 48 h at 37°C. Luciferase activity was determined per the manufacturer’s
instructions (Promega). The competition titer is reported as the serum dilution
at which the luciferase signal was reduced by 50% compared to a serum negative
control. When competition with the coreceptor binding site antibody 17b was
tested, the pseudovirus was incubated with soluble CD4 (sCD4) at 5 pg/ml for 30
min at 37°C prior to the exposure of sera.

Statistical analyses. Neutralization data were subjected to one of several
statistical analyses in order to identify significant differences. Using the neutral-
ization data reported in Table 2, below, the number of animals from the B33- and
LN40-primed groups capable of neutralizing 1 of the 14 viruses tested at greater
than 50% neutralization was subjected to a Wilcoxon rank-sum test. The neu-
tralization capacity of LN40-primed rabbit sera (see Table 3, below) was ana-
lyzed to determine statistical differences between the neutralization of the LN40
parental virus and the mutant isolates. This was accomplished by subjecting the
data to an analysis of variance (ANOVA) followed by a Bonferroni-adjusted
multiple comparison using the parental LN40 isolate neutralization as the con-
trol group. Statistical analysis to identify significant differences in neutralization
of various chimeric LN40/B33 isolates (see Fig. 5B, below) was done by com-
paring responses to the neutralization of the parental B33 control virus to the
neutralization capacity of LN40-primed sera using Student’s ¢ test.

RESULTS

Envelope phenotypes and immunization regimen. The LN40
and B33 Env antigens were selected for this study due to their
high degree of sequence homology (Fig. 1) but opposing phe-
notypic properties (Table 1). They represent the extremes in
macrophage tropism for HIV-1 RS envelopes. Briefly, the B33
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* Indicates gap inserted to maintain HxB2 numbering
Underlined residues indicate insertion relative to HxB2
¥ Indicates residue selected for mutagenic analysis

FIG. 1. Amino acid sequences of gp120 Env proteins for HIV-1 B33 and LN40 isolates. Variable loops and key cloning sites for creating the

chimeric Envs are marked.

isolate has been shown to be highly macrophage tropic, sensi-
tive to neutralization by MAb b12, and resistant to MAb 2G12.
The LN40 isolate, however, is not macrophage tropic, is resis-
tant to bl2, and is sensitive to 2G12. Their phenotypes are
influenced by changes within and proximal to the CD4 binding
site (CD4bs) that result in a higher affinity for B33. The dif-
ferent phenotypes for these two Envs are determined solely by
residues in gp120. Finally, a large range of mutants of these
Envs are available and have been extensively studied (6, 7,
19-21).

The immunogenicities of these two Env antigens were eval-
uated in rabbits by using a standard DNA prime (3 times)-
protein boost (2 times) approach, as previously reported (26,
27, 31, 33). Because the key phenotypic differences of these
two viral isolates have been mapped to the gpl120 region in
previous studies (6-8), the gp120 form of Env was used for
both DNA and protein vaccine components in the current
study. More significantly, our previous reports demonstrated
that gp120 DNA priming was able to greatly enhance the NAb
activities in immunized rabbit sera, while an immunization

TABLE 1. Envelope characteristics

Characteristic LN40 B33
Macrophage tropic No Yes
CD4 affinity Low High
Neutralization by MAb b12 Resistant Sensitive
Neutralization by MAb 2G12 Sensitive Resistant

approach with gp120 protein alone was much less effective (26,
27). The expression of both LN40 and B33 gp120 DNA vac-
cines was confirmed in vitro by Western blot analysis of gp120
produced in 293T cells transiently transfected with either of
the two gp120 DNA vaccine plasmids (Fig. 2). A 5-valent
protein boost consisting of gp120s from clades A, B, C, and E
was given twice, based on our recent finding that a polyvalent
Env protein boost using this same 5-valent gp120 protein was
more effective than the single-valent matched gp120 boost in
eliciting broader NAb activities in rabbits (27). Half of the
animals from each group were boosted on weeks 8 and 12
while the other half of the animals were boosted on weeks 38
and 42 (Fig. 3), but a delay in protein boost did not cause any
significant difference in either binding or functional antibody

# uL Supernatants
0 5 1

B33 gp120

LN40 gp120

Vector

FIG. 2. Western blots of gp120 proteins transiently expressed in
293T cells that were transfected by one of the following: B33 gp120
DNA, LN40 gp120 DNA, or empty DNA vector.
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FIG. 3. Study design and immunization regimen. Rabbits received
three priming immunizations of either LN40 gp120 or B33 gp120 DNA
vaccines at weeks 0, 2, and 4. Protein boosts consisting of a 5-valent
mixture of gp120s were given as an early boost at weeks 8 and 12 or as
a late boost at weeks 38 and 42.

responses (see below). Because all animals received identical
protein boosts, any differences seen in the resulting antibody
responses should be due to effects of the initial priming immu-
nizations with either LN40 gp120 or B33 gp120 DNA vaccines.

Env-specific binding antibody titers. The peak level binding
antibody response was evaluated against that to the homolo-
gous LN40 and B33 gp120s as well as a heterologous clade B
JR-FL gp120, using rabbit serum samples collected at 2 weeks
after the final protein boost. High-titer binding antibodies were
observed against all three clade B gp120s (Fig. 4). No differ-
ences in the binding titers were observed against B33 gp120
regardless of the priming immunization given (Fig. 4A). Sera
from animals primed with the LN40 gp120 recognized the
homologous LN40 gp120 protein with an approximately 3-fold-
higher titer than animals primed with the heterologous B33
gp120 (Fig. 4B). However, against the completely heterologous
JR-FL gp120, no differences in the endpoint binding titers
were observed between immunization groups (Fig. 4C). All
prebleed sera against the above three gpl120 antigens were
below the limit of detection in this same assay (data not
shown).

Neutralizing activity in sera from B33- and LN40-immu-
nized rabbits. Despite the observation that immunization with
B33 and LN40 gp120 antigens generated similar levels of high-
titer binding antibody responses, the neutralizing activity in
sera from rabbits primed with LN40 gp120 was much broader
(Table 2). All animals, regardless of whether they were primed
with B33 or LN40 gp120 DNA vaccines, were capable of neu-
tralizing the sensitive or TCLA isolates, SF162 and NL4-3,
indicating that a functional neutralizing antibody response can
be elicited through priming with both B33 and LN40 gp120s.
However, when the ability to neutralize other more resistant
clade B primary isolates, including those from the standard tier
2 panel, is taken into account, only animals primed with the
LN40 gp120 DNA vaccine were capable of neutralizing some
of these viruses. Differences in the neutralizing activity of sera
elicited by each gp120 DNA vaccine became apparent against
the moderately sensitive clade B isolate SS1196.1. Three of the
four animals primed with LN40 gp120 were capable of neu-
tralizing this virus at a 1:10 dilution. However, none of the
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FIG. 4. Endpoint binding titers of serum antibody responses
against HIV-1 gp120 antigens. Serially diluted rabbit sera collected 2
weeks after the last protein boost were assayed for binding against
homologous and heterologous clade B gp120s. (A) Endpoint titer
against B33 gp120. (B) Endpoint titer against LN40 gp120. (C) End-
point titer against JR-FL gp120. The endpoint titer was defined as the
last serum dilution giving at least double the optical density of a
preimmune control.

animals primed with B33 gp120 were capable of neutralizing
this isolate. When evaluating the neutralizing activity of the
elicited sera against more resistant primary isolates, specifically
those tier 2 isolates (14), differences in the neutralizing activ-
ities between the two immunization groups were quite clear.
While the overall breadth and potency remained limited within
the LN40 gp120 DNA vaccine-primed animals, it is notable
that only rabbits in the LN40-primed group were capable of
neutralizing any of the primary isolates tested. All four of the
LN40-primed animals were capable of achieving 50% neutral-
ization of the 6535.3 isolate at a 1:10 dilution. Three of the four
animals elicited an antibody response capable of neutralizing
CAANS5342.A2 and QH0692.42 at the same dilution. Addition-
ally, half of the LN40-primed animals were capable of neutral-
izing REJO4541.67. In contrast, the only positive neutralizing
activity we observed in animals primed with the B33 gp120
DNA vaccine was against the 6535.3 isolate, where rabbit 657
achieved greater-than-50% neutralization at a 1:10 dilution.
When these data were subjected to a Wilcoxon rank-sum test,
we determined that the sera from LN40-primed animals neu-
tralized significantly more viruses than sera from animals that
were primed with B33 (P = 0.025).

To verify these results, we purified the rabbit IgG over a
protein A column and reevaluated the neutralizing activity
against the tier 2 clade B panel. Results from this study mi-
rrored those seen when only serum was used; animals primed
with LN40 gp120 elicited a more potent NAb response than
animals primed with B33. Based on the 50% inhibitory con-
centration achieved with purified IgG at the same concentra-
tion, LN40 priming resulted in NAb activities that were gen-
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TABLE 2. Neutralization of heterologous clade B isolates by sera from LN40- and B33-primed animals

% neutralization” at a 1:10 serum dilution in:

Virus LN40-primed animal no.: B33-primed animal no.:
491 652 653 654 492 655 656 657
Sensitive/TCLA
SF162 96 94 90 89 93 94 89 89
NL4-3 97 97 98 87 80 72 69 73
Resistant/primary
SS1196.1 66 56 86 —b — — — —
6535.3 85 68 88 51 — — — 73
AC10.0.29 — — — — — — — —
CAANS5342.A2 54 60 63 — — — — —
PVO.4 — — — — — — — —
QHO0692.42 52 51 57 — — — — —
REJO4541.67 — 53 52 — — — — —
RHPA4259.7 — — — — — — — —
SC422661.8 — — — — — — — —
THRO4156.18 — — — — — — — —
TRJO4551.58 — — — — — — — —
TRO.11 — — — — — — — —
WITO4160.33 — — — — — — — —

Negative control, MLV — — _

“ The Wilcoxon rank-sum test was used to compare the number of positive neutralization results (of 13 total) for resistant/primary viruses between sera from groups
of LN40 gp120- and B33 gp120-primed animals. They were significantly different (P = 0.025).

> . less than 50% neutralization at a 1:10 serum dilution.

erally 2 to 10 times more potent (in one case 50 times more
potent) than the neutralization seen in animals primed with
B33 (data not shown).

Evaluating the specificity of neutralizing activity against
pseudotyped viruses expressing chimeric Env antigens. In or-
der to understand why the LN40-primed animals appeared to
elicit a unique NADb response capable of neutralizing a greater
breadth of viruses with increased potency, studies were orga-
nized to map the specificity of the observed neutralizing activ-
ity. Neutralization of the homologous B33 and LN40 viruses
with rabbit sera immunized with the matching gp120 DNA
vaccines indicated that neutralizing activity elicited by each
gp120 was strain specific with regard to their respective homol-
ogous isolates. Sera elicited by an LN40 gp120 DNA prime
were capable of neutralizing the homologous LN40 virus but
not the B33 virus (P < 0.0001). A similar pattern was seen with
sera from animals primed with the B33 gp120 DNA vaccine, as
they were able to neutralize the homologous B33 isolate but
not the LN40 isolate (P < 0.0001) (Fig. 5B).

This allowed us to further dissect the specificity of the neu-
tralizing activity by using a series of previously described chi-
meric Env antigens with segments of Env sequences from both
parental LN40 and B33 Env antigens (7). A total of four
pseudotyped viruses expressing different LN40/B33 chimeric
Env antigens were tested (Fig. 5A). Similar to the above neu-
tralization results with heterologous clade B isolates, none of
the B33-primed animals achieved over 50% neutralization for
any of the four chimeric viruses tested (Fig. 5B). The LN40-
immunized animals, however, were able to neutralize two of
the four chimeric viruses tested (Fig. 5B). One of these, Stu-
B33, contains the C1, V1/V2, and N terminus of C2 from the
B33 Env and the remaining C-terminal portion from the LN40
Env. At a 1:10 serum dilution, 50% neutralization of this virus

was achieved by sera from three of the four LN40-primed
animals. The fourth animal exhibited a 32% increase in the
neutralization potency of Stu-B33 over the parental B33 virus.
The neutralization of this chimera relative to that of the B33
parental isolate was significantly higher (P = 0.0001). It was
also found to be significantly higher relative to neutralization
of this chimera by animals primed with B33 (P = 0.0065),
suggesting that the chimerization does not create a universally
more sensitive isolate. The second chimeric virus, Stu-Bsu,
which was sensitive to neutralization by sera from the LN40-
primed animals, contained the further-reduced segment from
LN40 Env with only the C-terminal portion of C2, the V3 loop,
and the N-terminal portion of C3 in the B33 Env backbone.
Again, sera from three of the four animals neutralized this
chimeric virus, and similar to what was seen with the Stu-B33
chimera, the fourth LN40-primed animal was more capable of
neutralizing this Stu-Bsu chimeric isolate than the B33 paren-
tal isolate (Fig. 5B). Similar to the neutralization of the Stu-
B33 chimera, LN40-primed animals neutralized Stu-Bsu sig-
nificantly more potently (P = 0.0002) than the B33 parental
isolate. Significance was also achieved relative to neutraliza-
tion of this chimera by the B33-primed sera (P = 0.0025),
again confirming that the mutant did not become universally
neutralization sensitive. The other two chimeric viruses, Bsu
and Stu LN40, which only had either the N-terminal seg-
ment or the C-terminal segment of LN40, respectively, were
resistant to neutralization by sera from LN40 gp120 DNA
vaccine-primed animals. Together, these results suggested
that the critical region for NAb activity in LN40 gp120-
primed rabbit sera was within the LN40 segment spanning
the middle section of gp120 from the C-terminal portion of
C2 to the N-terminal portion of C3.
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B33 5 16 17 14 52 65 56 3 - 0.0001
LN40 63 69 67 60 11 10 21 20 <0.0001 <0.0001
Bsu (0] 20 15 14 44 8 9 41 0.89 0.2631
Stu LN40 16 (o] [s] (o] 13 o} 20 19 0.11 0.1903
Stu B33 68 61 64 46 8 21 40 32 0.0001 0.0065
Stu Bsu 68 55 54 46 4 20 25 30 0.0002 0.0025

Numbers indicate percent neutralization at a 1:10 serum dilution

FIG. 5. Neutralization of chimeric viruses by rabbit sera primed with B33 or LN40 gp120 DNA vaccines. (A) Schematic designs of chimeric
gp120 regions. White regions indicate Env portions derived from B33. Gray regions indicate Env portions derived from LN40. (B) Neutralizing
activities against wild-type or chimeric Env pseudotyped viruses by immune sera from either LN40 gp120- or B33 gp120-primed rabbits. Numbers
indicate the percent neutralization of the target viruses at a 1:10 serum dilution. Student’s ¢ test was used for statistical analysis to compare (i) the
differences between neutralization by LN40 gp120-primed sera against B33 virus and neutralization by the same sera against other pseudotyped
viruses and (ii) the differences between neutralization by LN40 gp120-primed sera and B33 gp120-primed sera against the same viruses.

V3 peptide adsorption of sera from LN40-immunized ani-
mals. After having narrowed down the region of neutralizing
specificity from the parental LN40 Env, an absorption study
was conducted with a clade B consensus V3 region peptide
(CTRPNNNTRKSIHIGPGRAFYTTGEIIGDIRQAHC) to
ensure that the NADb activity observed was not simply due to
recognition of the V3 loop. The immune sera were treated with
the consensus B peptide at 25 pg/ml prior to exposure to the
viruses. When this V3 adsorption was done against the highly
V3-sensitive SF162 isolate, a greater-than-97% reduction in
the NADb titer was observed with sera from all of the LN40-
primed animals (Fig. 6A). However, V3 adsorption had very
little effect on the neutralization of the homologous LN40
virus, with less than a 10% observed reduction in neutraliza-
tion for all four rabbit sera in the LN40 gp120-primed group
(Fig. 6B). When the Stu-Bsu chimera was tested in the same
analysis, a slightly larger proportion of the neutralizing activity
(4% to 26% specific inhibition) was adsorbed with the V3
peptide (Fig. 6C), but the majority of the neutralizing activity
directed against this chimera remained intact, indicating that
the main neutralizing specificity was not targeted to the V3 loop.
The same analysis was conducted against QH0692, one of the
primary isolates that were capable of being neutralized by sera
from the LN40-primed animals (Table 2). Similar to what was
seen with V3 adsorption against the Stu-Bsu chimeric virus, there
was only a slight drop in the ability to neutralize this primary virus,
and the majority of the neutralizing activity remained intact (Fig.
6D). The above results demonstrated that neutralizing specifici-
ties outside of the V3 loop are responsible for the broader neu-
tralization against heterologous primary viruses observed with
sera of LN40 gp120 DNA-primed animals.

To further exclude V3 as the main reason for the difference
in NAD responses observed in sera from LN40 gp120-primed

animals, mutations for the only 2 amino acid residues that are
different in two V3 regions between LN40 and B33 were made
in the crown of the V3 loop of LN40 Env (H310N and F317L)
to make it identical to that of B33 Env. Only a low to moderate
decrease in NAb sensitivity was observed for the LN40 virus
compared to its autologous sera (Table 3).

Identification of residues responsible for the sensitivity of
the neutralizing activity in sera from LN40 gp120-primed an-
imals. After eliminating the V3 loop as the main target of the
broader neutralization observed with the sera from LN40
gp120-primed animals, fine mapping was performed to deter-
mine exactly where on the Stu-Bsu region of the LN40 Env the
NAD activities were targeted. Mutagenesis was performed to
determine the effects of point mutations in and around this
region. Closer inspection of this region revealed that it con-
tained contact residues for CD4 as well as residues that flank
the CD4 binding loop at the C-terminal end. This area had
previously been found to confer sensitivity to MAb b12 (7).
Because of this, pseudotyped viruses were produced with mu-
tations at key residues in this region which were previously
reported to be involved in CD4 binding (8, 9), and the effects
of these mutations on neutralization of the parental LN40 virus
were analyzed (Table 3).

The first mutation (T283N) was created at position 283,
which is known to be part of the CD4 binding site (13). The
threonine (T) at this position in LN40 Env was mutated to
the asparagine (N) found in B33 Env. When pseudotyped
viruses LN40N with LN40 T283N Env were tested against
serum from LN40-primed rabbits, almost all neutralizing
activity was eliminated, relative to the parental LN40 virus
(P < 0.001). Interestingly, when the reverse mutation was
made in the parental B33 virus B33T (B33 N283T Env), the
sera from two of the LN40-primed animals gained some of
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FIG. 6. Effects of V3 adsorption on the neutralization of homologous and heterologous viruses. Prior to incubation with virus, sera samples
were added with a clade B consensus V3 peptide at 25 pg/ml to determine the role of V3-directed antibodies in the neutralization activity of sera
from LN40-primed animals. (A) Effect of V3 adsorption on the neutralization of SF162. The y axis indicates the neutralizing antibody titer.
(B) Effect of V3 adsorption on homologous LN40. The y axis indicates the percent neutralization at a 1:10 serum dilution. (C) Effect of V3
adsorption on chimeric Stu-Bsu virus. The y axis indicates the percent neutralization at a 1:10 dilution. (D) Effect of V3 adsorption on the
neutralization of QH0692 at a 1:10 serum dilution.

the neutralizing activity against this B33 mutant relative to
parental B33 virus (Table 3).

Additional mutations were created within known CD4 and
b12 binding pockets to evaluate their effects on the neutraliz-

ing activities of our vaccine sera. Previous work implicated
arginine (R) residue 373 and a glycan at asparagine (N)386 in
mediating resistance to b12 in the parental LN40 virus (7). In
the current study, R373 of parental LN40 Env was mutated to

TABLE 3. Neutralization of mutant isolates with sera from LN40-primed rabbits

% neutralization” at 1:10 dilution of sera in
animal no.:

Virus Mutation(s) P value”
491 652 653 654

Parental WT

LN40 71 79 66 66 (Control group)

B33 14 20 14 11 <0.001*
CD4bs (position 283)

LN40 N T283N 8 17 20 19 <0.001*

B33 T N283T 50 51 21 23 <0.001*
b12 binding region

LN40 K R373K 71 61 52 42 0.09

LN40 D N386D 55 71 57 46 0.13

LN40 V T388V 65 76 59 54 1

LN40 KD R373K, N386D 21 21 14 0 <0.001*

LN40 KV R373K, T388V 22 27 20 8 <0.001*
Flanking CD4bs

LN40 VKPS 1360V, N362K, Q363P, P364S 44 64 43 41 0.001*
V3 loop

LN40 NL H310N, F317L 58 51 41 22 <0.001*

“ Values shown in bold indicate >50% neutralization.
b P values were determined by ANOVA followed by Bonferroni-adjusted multiple comparisons against the LN40 control group. *, significant difference.
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the lysine (K) that is found at this position in B33 Env, to
produce the mutant LN40K (R373K). In LN40, N386, as part
of the NXT motif, is a potential N-linked glycosylation site,
and two types of mutations were made to prevent the glycosyl-
ation. The first mutant (LN40D) was made to replace aspara-
gine with aspartic acid to create the N386D mutant. The sec-
ond mutant (LN40V) replaced the threonine at position 388
with a valine (T388V), which still eliminated the glycosylation
motif while leaving the asparagine residue at position 386
intact. When these mutated Env antigens LN40 R373K,
N386D, and T388V were evaluated for their effects on neu-
tralization, only marginal reductions in neutralization were
observed compared to the wild-type LN40 Env. In most in-
stances, we observed less than a 10% reduction in neutraliza-
tion against each of these mutants, with P values ranging from
0.09 to 1.00 (Table 3).

However, when these mutations were combined into one
Env antigen, a dramatic effect on neutralization was recorded.
With the combination mutants LN40KD (R373K plus N386D)
and LN40KV (R373K plus T388V), neutralizing sensitivity to
the sera of LN40 gp120 DNA vaccine-primed animals was
almost completely lost (P < 0.001) (Table 3). Therefore, res-
idues that were found to be critical in modulating resistance to
b12 also appear to modulate resistance to the antibodies gen-
erated through immunization with LN40 gp120 antigen.

As further evidence pointed to antibodies targeted to the
CD4 binding site as being the cause of the neutralizing activity
in sera from LN40 gp120-primed animals, additional mutations
that flank the CD4 binding loop were evaluated. Because this
region is highly polymorphic, a combined mutation at four sites
was produced, including 1360V, N362K, Q363P, and P364S, to
form the LN40-VKPS Env mutant. When this mutant was
tested for its effect on neutralization, a less dramatic but still
modulating role in mediating the neutralization sensitivity of
the virus was observed, resulting in an average drop of 22%
neutralization relative to the parental LN40 Env virus. The
data presented above thus implicate sites within and proximal
to the CD4bs as responsible for LN40 neutralization.

In order to further confirm that CD4 binding site antibodies
were responsible for mediating NAb activities in sera from
LN40 gp120 DNA vaccine-primed rabbits, a competition assay
was done, as previously reported, against human MAb b12,
which is specific for the CD4 binding site (4, 26). By using
purified IgG from rabbit immune sera, b12-competing antibod-
ies were detected in the sera of three of four LN40 gp120-
primed rabbits 2.2214 to 2.492 pg/pl IgG to prevent 50% of
virus binding to b12), but not in sera from B33 gp120-primed
animals (less than 50% competition was observed in all four
animals in the B33 group). This provided further evidence that
unique specificities of antibodies were elicited in LN40 gp120-
primed animals. This finding is consistent with the above re-
sults showing that mutations in the CD4 binding site resulted
in a significant drop in functional NAb activities.

In order to provide a direct visual understanding on the
relative locations of mutations produced in the current study,
Fig. 7 highlights such mutations in an HIV-1 Env crystal struc-
ture model. The T283N mutation is right at the center of the
CD4bs, which may explain the more dramatic effect of this
mutation as tested in the current study. CD4bs-flanking and
b12 contact residues are more peripheral, and thus only the
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CD4bs
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b12
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FIG. 7. Crystal structure of gp120 liganded with sCD4 and X5.
Yellow residues indicate the binding footprint of MAb b12. Red po-
sitions indicate residues critical for neutralization of LN40 by autolo-
gous sera. Positions highlighted in blue indicate residues which either
modulate, but do not ablate, neutralization of LN40 by autologous sera
(CD4bs flanking) or are part of the V3 loop. Letters indicate the
residue found at that position in LN40. Numbers indicate the position
of that residue according to the HxBc2 numbering system.

combination of several mutations could lead to major changes
in the neutralizing sensitivities. The V3 loop is more distant
and only resulted in moderate reductions in neutralization
when mutated, but it may function as another neutralizing
target in susceptible viruses.

DISCUSSION

Functional antibody is considered one of the best-character-
ized correlates of immune protection in licensed human vac-
cines that are used successfully in clinical practice (1). With
regard to the development of an effective vaccine against
HIV-1, eliciting protective antibodies, especially in the form of
broadly neutralizing antibodies against a wide range of primary
viral isolates, has been proven an exceptionally difficult task (3,
12, 25, 29). Previous attempts to utilize a traditional recombi-
nant Env protein vaccine approach to elicit protection have
failed in efficacy trials (10, 22), and the antibody responses in
human volunteers recruited into these studies were unable to
neutralize primary viral isolates (10, 11). Initially, it was
thought that the monomeric gp120 was the culprit for this
failure. Recent studies have indicated that the delivery ap-
proach may also play a critical role in determining the quality
of antibody responses. In side-by-side comparison studies con-
ducted in animals, DNA immunization to deliver an HIV-1
gp120 antigen is more effective in eliciting conformationally
sensitive antibodies against Env and, thus, better neutralizing
antibodies against primary viral isolates than recombinant
gp120 protein (27). Furthermore, the sequential DNA prime-
protein boost immunization approach was even more effective
in expanding the breadth of neutralizing antibody responses
(26, 33). Such findings were confirmed in a pilot human clinical
study in which the DNA prime-protein boost vaccination ap-
proach was effective in eliciting broad NAD responses against a
wide range of primary viral isolates (32), and further analysis
showed that this approach was more effective than the protein-
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alone approach in eliciting human antibody responses against
conformational epitopes important for neutralization (28).
The results from the recently completed RV144 clinical trial,
which used a different, canarypox prime-gp120 protein boost
approach, demonstrated partial protection against HIV acqui-
sition in humans (23).

With such progress confirming the utility of gp120 antigens
and the DNA prime-protein boost antigen delivery approach,
it was critical to understand whether there is any difference
regarding the immunogenicity of various primary HIV-1 gp120
antigens collected from HIV-1-infected patients and, if there
is, to determine the structural basis for such a difference. The
current study took advantage of two unique Env antigens de-
rived from the same individual at the same time point of HIV-1
infection, thereby making them much more similar to each
other than to any gp120 in a panel of heterologous isolates.
Nevertheless, despite a close sequence relationship, these two
envelopes differed profoundly in their biological properties
(Table 1). It was not clear, though, whether such sequence
homologies or their different properties would affect the ca-
pacity of these two Env proteins to behave similarly or differ-
ently as immunogens.

Dissection of the binding antibody response revealed very
little difference between the LN40 and B33 gp120s when used
in the priming phase of a DNA prime-protein boost regimen.
High titers of cross-reactive binding antibodies were seen re-
gardless of what was used as the priming immunization. How-
ever, in contrast to this similarity, the quality of the neutraliz-
ing antibody response differed quite significantly, suggesting
functional antibodies do not always match binding antibody
responses.

The current study is the first report in which one of a pair of
closely related HIV-1 Env antigens has been demonstrated to
be more effective than the other in priming broadly neutraliz-
ing antibody responses. This unique system allowed more spe-
cific epitope mapping to identify the critical sites that were
responsible for the enhanced neutralization observed in the
sera from LN40-primed animals. While the V3 loop-specific
antibodies may be also involved in the neutralizing activities
observed in the heterologous neutralizing activities in LN40
gp120-primed animals, the CD4 binding site of gp120, either at
certain key CD4 contact residues or around the CD4 binding
site, appeared to be at least a main target of the heterologous
neutralizing activities elicited in sera from LN40 gp120-primed
rabbits. These data are in agreement with other studies that
have indicated that the CD4 binding site is a critical target
recognized by sera from HIV-infected individuals with broadly
neutralizing activities (2, 16, 24) and certain broadly neutral-
izing monoclonal antibodies (34).

Despite the importance of CD4bs antibodies, it has been
difficult to elicit antibodies against this region because it is
highly conformational, consisting of residues far apart in dif-
ferent segments of the HIV-1 gp120 sequence. In our recent
studies, we found that DNA immunization, as a way to achieve
better preservation of protein conformation due to its in vivo
expression of antigens, was able to elicit unique serum anti-
bodies that could compete against the CD4bs-targeting mono-
clonal antibody b12 in both rabbits and humans (26-28). The
current results further indicated that selection of the gp120
antigen is also important, because LN40 gp120-primed animals
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had b12 competing antibodies that were not detected in B33
gp120-primed animals. At the same time, sera from LN40-
primed animals were able to neutralize heterologous viral iso-
lates, while B33 could not. Mutations at key residues involved
in or around the CD4 binding site proved that the sequence
difference between LN40 gp120 and B33 gp120 may be respon-
sible for the different NADb profiles between these two Env
antigens. Findings from the current study provide useful infor-
mation for future studies for confirming whether the similar
sequence determinants may also be observed in more primary
Env sequences, which will determine their neutralizing sensi-
tivities or immunogenicities to elicit better NAb responses.

One unexpected finding was that the LN40 Env, with a low
affinity to CD4, was able to elicit heterologous NAbs, while the
high-CD4-affinity B33 Env was not a very good immunogen.
This result implies that either high CD4 affinity may not be
equal to more opened access to CD4bs or that easy access to
this region may not necessarily lead to higher conformation-
based antibody responses directed toward this region. In fact,
if the LN40 Env has a less-open CD4 binding site structurally
and this more-limited access promotes the generation of neu-
tralizing antibodies to this domain, our data suggest that hav-
ing more limited access could “direct” the antibody immune
response to this domain, which is more relevant for antibodies
with neutralizing activity. If this is the case, instead of previous
efforts to make the CD4 binding site more available through
elimination of glycosylation sites and variable loops, we may
instead want to look at modifications that reduce, but not
preclude entirely, access of CD4 to this domain. This may limit
the number of nonneutralizing antibodies being elicited to the
CD4bs while selectively promoting the expansion of B cells
that have specificities to neutralizing sites within the CD4 bind-
ing domain.

The finding that a low-CD4-affinity Env (LN40) is a better
immunogen also reminded us of previous reports that CD4-
independent Env antigens from at least two studies were found
to be good immunogens for the induction of neutralizing an-
tibodies (15, 35). Further studies should examine if there is a
general pattern that low-CD4-affinity Env and CD4-indepen-
dent Env may entail a better chance to act as good immuno-
gens to elicit broad heterologous NAb responses. More impor-
tantly, a more complete understanding of the structural basis
for such better immunogenicity is needed in order to guide the
creation of optimal Env antigens that can be used for vaccine
development.
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